Abstract-In this paper, waveforms of collided digital signal bits are analyzed by superposition of step responses of a distributed constant circuit for a transmission line. Our analysis indicates narrow voltage spike on the leading edge of bit pulses in collided waveforms. The width and peak of the spike calculated by our analysis were matched with those of experiments. Since the spike might cause signal collision detection failure and cause deterioration of communication performance, our analysis is effective to estimate the allowable maximum length and/or bit rate of a transmission line for control communication network.
INTRODUCTION
UART-CSMA/CD (Universal Asynchronous Receiver Transmitter-Carrier Sense Multiple Access with Collision Detection) is a type of communication protocol for building facility control networks [1] . This protocol is based on detection of signal collision that is simultaneous transmission from more than two network nodes. However, in the case of an extremely long transmission line, collision detection becomes difficult because collided signal waveforms include severe distortion due to propagation delay and line terminal reflection. This distortion of waveform might cause collision detection failure resulting in deterioration of communication performance.
So far, many research works on analysis and simulation for signal waveform distortion on the long transmission line have been carried out [2] [3] [4] [5] . However, analytical methods for calculating waveforms of signal collision on the distributed constant transmission line have not been published. Although the collided waveforms are easily obtained using circuit simulation tools, analytical methods are still valuable to understand the mechanism of distortion in collided waveforms on the long transmission line.
In this paper, waveforms of collided digital bits are analyzed with superposition of step responses of a distributed constant circuit for transmission line. The waveforms calculated by our analysis have been compared with those of experiments. Our analysis has predicted a narrow spike on each leading edge of bit pulses of collided waveforms. In sever cases of combination of transmission length and bit width, collision detection failure might occur. We have investigated the relationship between communication throughput and collision detection failure rate. 
SIGNAL COLLISION OF UART-CSMA/CD
In a typical control network system for building facilities, there are hundreds of controllers, which are called nodes from a view point of network. The total line length often reaches almost 1000 m throughout the building. Since control networks have to be installed in the most inexpensive way, any network terminators are not installed. It is well known that impedance mismatching at the terminals adversely affects on signal waveform in the case of a significantly long line. Figure 1 shows UART-CSMA/CD signal propagation on the transmission line using time and distance axes. In the case of CSMA/CD, each node can start sending a signal at arbitrary timing. If more than two nodes happen to start sending at the exactly same timing, a signal collision occurs. At the moment when sending nodes detect the collision, the nodes immediately stop sending, wait for a random period, and restart sending the previous signal again. In the case of UART-CSMA/CD, the collision detection is carried out by comparing the logical sending signal and the actual receiving signal from the line. Therefore, in the case of a long transmission line, it is difficult to distinguish the collision because actual waveforms are also distorted in the case of non-collision sending. Figure 2 shows our model of signal collision on the transmission line. This is a case that Node1 and Node2 located at the both terminals (x = 0 and x = l), and they start sending a series of two bits with opposite logical levels of "HL" and "LH". Here, "H" and "L" mean logical high and low levels, respectively. At the location of Node1 (x = 0), the signal v 
LH (0, t) by Node1 at x = 0 will be shifted on the time axis by propagation time. Here, an important point is that each of v (1) HL (0, t) and v (2) LH (0, t) is distorted by the terminal reflections. Consequently, the waveform of the collision is not a simple superposition of logical levels with the propagation delay, but it becomes a complicated aggregation of distorted waveforms. Therefore, analysis of distortion elements is important to investigate affection of the line length and termination impedance for practical system design of a control network.
SIGNAL WAVEFORM ANALYSIS

Analysis Model
In order to calculate the superposition of terminal reflections on the transmission line, a Laplace transformation method for transient analysis of a distributed constant circuit is used. For a step response of signal voltage on a lossless transmission line, voltage v ST (x, t) at the position x and time t is given by the following equation [4, 6] ,
where
is characteristic impedance, L 0 and C 0 are characteristic inductance and capacitance of unit length, Z 1 is source impedance, Z 2 is load impedance,
is one way trip time, l and w are line length and propagation velocity,
is source reflective coefficient, and HL (0, t) for a signal "HL" transmitted by Node1 located at x = 0 is defined using the step response Equation (1) as follows,
where the bar in the above equation means the complementary logical bit "L". Similarly, voltage v
LH (0, t) received by Node1 for the signal "LH" sent by the Node2 located at x = l is also defined as follows. v
Here, in the case of signal collision, both nodes are in the signal transmission mode. Therefore,
become the following equation.
Therefore, a collided waveform expression of signal "HL" from Node1 and signal "LH" form Node2 at the location of Node1, i.e., x = 0, is given by superposition of the step responses using the Equations (2)- (5) as the following.
Thus, we have obtained an analytical expression of signal voltage waveform of collided bit series of opposite logical levels of "HL" and "LH" as superposition of step responses.
Numerical Calculation and Experiment
We have calculated collided signal waveforms using typical parameters for an actual UART-CSMA/ CD control network system. The parameters were assumed as follows. The bit rate was R b = 9.6 kbps, i.e., the bit pulse width was T b = 104 µs. The transmission line length was l = 100 m or 500 m. The signal source voltage E = 3.0 V and impedance Z = 28 Ω were assumed for parameters of a typical RS-485 driver/receiver IC. The type of the cable was assumed to be a polyvinyl chloride (PVC) twisted cable with 2 mm 2 (AWG14) wires. The values of cable parameters were measured as L 0 = 0.59 mH/km and C 0 = 0.12 µF/km resulting in the characteristic line impedance Figure 3 shows an example of numerical calculation of collided signal waveform v C (0, t) using our analytical Equations (2), (3), and (6) with the above-mentioned parameters. The original waveforms of sending and receiving signals, v (1) HL (0, t) and v (2) LH (0, t), are also superimposed on the same figure. The distortions due to the terminal reflections appear at the leading edge of each bit pulse. In this example, the large portion of each bit was stable at the "H" or "L" voltage level. Consequently, voltage level in the almost all portion of the collided waveform became "H" + "L" = 0 V. However, a voltage spike appeared at the leading edge of each bit pulse of the collided waveform.
We have confirmed the above-mentioned results of our analysis by comparing with those of experiments. Figs. 4 and 5 show the results of waveforms calculated using our equations and those observed by an oscilloscope. Fig. 4 is a case of line length of l = 100 m. As predicted by our analysis, the similar spikes appeared in the results of experiment observation. The peak voltage of the spikes was 1.9 V for the calculation and 2.4 V for the observation, respectively. Fig. 5 is a case of the line length of 500 m. The peak voltages were 4.3 V for the analysis, and 4.0 V for the observation, respectively. Although there were small differences in the peak values, overall shapes of the collided waveforms calculated using our analytical equations have matched with those of experiments. Thus, our analytical method of calculating collided signal waveforms on the long transmission line has been verified. 
COMMUNICATION PERFORMANCE
Theoretical average throughput S(σ) of the UART-CSMA/CD protocol is given by the following expression for an offered load of σ, where σ is the number of signal-sending-trials per discrete time unit τ for each node [1, 7] ,
Here, M is the total number of nodes, π i is the probability that the number of nodes with a signal is i, P s (i) is the probability that only one node starts sending at a discrete time slot, T is the signal packet length in the unit of discrete time τ , 1/(1 − δ i ) is the average idle time before sending, and T f is the length of the constant spacing time after sending. Here, γ is the sending duration time in the case of successful collision detection, and γ is smaller than the packet length T because the node stops sending at the detection moment. However, in the case of collision detection failure, the duration time becomes the full packet length T because the nodes do not stop sending. If the rate of collision detection failure is P F , the average sending duration time becomes (1 − P F ) · γ + P F · T instead of γ. Therefore, the average throughput S (σ) for P F is given by the following equation.
Since (1 − P F ) · γ + P F · T is larger than γ, S (σ) becomes smaller than S(σ). In other words, the throughput reduces along with collision detection failure rate P F . Figure 6 shows throughput curves calculated by the Equation (8) with 0%, 50%, and 100% of P F . The horizontal axis of the figure is the normalized offered load of the entire network G = (σ/τ ) · M · T p , where T p is the signal packet length in the unit of second. The vertical axis is the normalized throughput, i.e., the number of non-collided transmissions per packet length time. As shown in Fig. 6 , the throughput S(G) deteriorates along with P F for range of G greater than about 0.7. At the maximum load of G = 2 in this case, S(G) has reduced from S(2) = 0.68 for P F = 0% to S (2) = 0.43 for P F = 100% by approximately 40% down. Thus, performance of UART-CSMA/CD control network is significantly affected by collision detection failure.
There is a possibility of collision detection failure due to the spikes in signal waveforms. It might be necessary to eliminate the spikes depending the scale of spike and bit width. One of the possible means for elimination of the spike is implementing a noise filter in the receiving circuit of a node as shown in Fig. 7 . The filter will be based on low pass filter circuit that eliminates high-frequency components of the spike but passes low-frequency components of basic shape of original bit pulse. For designing this filter circuit parameters, our analytical method will contribute to case studies in the system design process. 
CONCLUSION
In this research, we have proposed an analytical method of calculating collided signal waveforms on the long transmission line. Our analysis has successfully predicts existence of the spike voltage in collided waveforms. These spikes might cause collision detection failure in the UART-CSMA/CD communication protocol. This will cause deterioration of throughput of the CSMA/CD protocol. The prediction of waveform of collided signal waveforms before actual system installation is important for avoiding the throughput deterioration. Our analytical method is effective to estimate the allowable combination of the line length, terminal impedance mismatching and bit rate of the transmission line.
